Introduction
Allergic asthma is a common disease worldwide and recently its prevalence has increased dramatically in developed societies (Lambrecht and Hammad, 2015) . In response to environmental allergens, such as house dust mite (HDM), cockroach, fungal spores, or pollen, the conducting airways develop chronic inflammation. Allergic asthma is most often a Th2-dominant inflammatory process although Th1/Th17 immunity also contributes to certain forms of asthma (Lambrecht and Hammad, 2015) .
Airway epithelial cells, the first site of allergen exposure, orchestrate Th2 responses Hammad, 2012, 2014a) . Expressing pattern recognition receptors, epithelial cells respond to microbe-associated molecular patterns (MAMPs) to release CCL-20, GM-CSF, MCP-1, IL-33, IL-25, and TSLP to recruit and activate dendritic cells (DCs) for Th2 polarization (Hammad and Lambrecht, 2008; Hammad et al., 2009; Hammad, 2012, 2014a) . Conventional CD11c + CD11b + CD103 − lung resident DCs are able to acquire allergens and migrate to draining lymph nodes to induce allergen specific Th2 responses (sensitization phase), while monocyte-derived CD11b + CD64 + FcεRI + DCs are mainly responsible for effector T cell recruitment to the lung and their activation (challenge phase; van Rijt et al., 2005; Hammad et al., 2010; Plantinga et al., 2013) . Epithelial cell-derived IL-33, IL-25, and TSLP also activate group 2 innate lymphoid cells (ILC-2) to promote both innate allergic inflammation and the adaptive Th2 response (Halim et al., 2014 (Halim et al., , 2016 Martinez-Gonzalez et al., 2015) . Effector T cells release Th2 cytokines, such as IL-4, IL-5, IL-13, and IL-9, to drive allergen-specific IgE production, lung eosinophilia, mucus overproduction, and bronchial hyper-reactivity, which are characteristic features of allergic asthma (Locksley, 2010; Islam and Luster, 2012; Lambrecht and Hammad, 2015) .
Genes, microbiota, and environmental factors all contribute to an individual's susceptibility to allergic asthma. Epidemiological studies have suggested that high microbial exposures in traditional dairy farms may provide protection against allergic asthma (Braun-Fahrländer et al., 2002; von Mutius and Vercelli, 2010; Ege et al., 2011) . Gram-negative bacterial membrane LPS (endotoxin), the most potent MAMP molecule that stimulates host cells via the MD2-TLR4 complex, has been present at high levels in air samples collected from farms, and the amount of LPS exposure has negatively correlated with the risk of developing asthma (Braun-Fahrländer et al., 2002; Doreswamy and Peden, 2011; Stein et al., 2016) . Recently, Schuijs et al. have shown that chronic exposure to LPS up-regulates the negative cell signaling regulator A20 in airway epithelial cells, thereby reducing epithelial cytokine/ chemokine responses to allergens, suppressing DC recruitment and Th2 immunity (Schuijs et al., 2015) . Their findings suggest that airway exposure to LPS or farm dust increases the threshold for allergen recognition by epithelial cells, thus suppressing allergic responses (Schuijs et al., 2015) . In addition to environmental MAMP exposure, intestinal microbiota also modulate allergic asthma (Russell et al., 2012 (Russell et al., , 2013 Arrieta et al., 2015) , and a low abundance of intestinal LPS has been linked to a high risk of airway inflammation (Arrieta et al., 2015) . Therefore, both environmental and commensal LPS may play a profound role in regulating allergic asthma (Huang and Boushey, 2015) . To date, whether modulating LPS bioactivity may influence susceptibility to allergy has not been reported.
LPS can be deacylated and inactivated by a unique host enzyme, acyloxyacyl hydrolase (AOAH; Munford et al., 2009) . AOAH specifically removes secondary fatty acyl chains from the lipid A moiety of LPS (Munford and Hall, 1986) . The deacylated LPS not only has diminished bioactivity but may also serve as a LPS antagonist (Kitchens et al., 1992) . Expressed mainly in phagocytes and NK cells, AOAH is known to limit LPS-induced B cell activation, polyclonal antibody production (Lu et al., 2005; Lu and Munford, 2011) , and hepatomegaly (Shao et al., 2007 (Shao et al., , 2011 . We have recently shown that AOAH-dependent LPS inactivation is required for the resolution of lung inflammation/ injury induced by Gram-negative bacteria (Zou et al., 2017) . Importantly, AOAH promotes recovery from endotoxin tolerance, a transient refractory state or cellular reprogramming that can follow LPS exposure (Biswas and Lopez-Collazo, 2009) , allowing macrophages or DCs to respond to a subsequent LPS challenge (Lu et al., 2008 (Lu et al., , 2013 Janelsins et al., 2014) . There are reports that intronic AOAH single nucleotide polymorphisms are associated with asthma (Barnes et al., 2006; Ferreira et al., 2017) or rhinosinusitis (Zhang et al., 2012) , yet whether the enzyme promotes or ameliorates allergic airway responses has not been known.
We hypothesized that AOAH regulates allergic responses by modulating LPS bioactivity. We used an HDM-induced mouse asthma model to study allergic responses in Aoah −/− and Aoah +/+ mice. As one of the commonest aeroallergens, HDMs and their fecal pellets contain MAMP molecules including endotoxin, chitin, and β-glucans (Gregory and Lloyd, 2011) ; HDM also has Der p 2, which amplifies TLR4 signaling by mimicking MD-2 (Trompette et al., 2009) . Notably, innate stimulation is required for Th2 allergic responses to inhaled allergens (Eisenbarth et al., 2002; Tan et al., 2010) , and stimulation of TLR4 on lung structural cells, most likely epithelial cells, is necessary and sufficient to activate DCs and to promote allergic responses to HDM extract (Hammad et al., 2009) . LPS, Der p 2, and other MAMPs in HDM may synergistically stimulate TLR4 to activate airway epithelial cells (Hammad et al., 2009) . In this study, we found that Aoah −/− mice are resistant to HDM-induced allergic asthma, as manifested by reduced Th2 responses, defective DC recruitment and activation, diminished ILC-2 responses as well as refractory epithelial cell responses. We also provide evidence that intestinal commensal-derived LPS may desensitize Aoah −/− lung epithelial cells. Thus, AOAH may promote allergic asthma by inactivating commensal LPS and preventing airway epithelial cell desensitization. We show that a host-derived LPS-degrading lipase plays a previously unappreciated role in modulating allergic asthma.
Results

AOAH promotes HDM-induced allergic asthma
To find out the effects that AOAH may have on allergic asthma, we used an HDM-induced asthma model ( Fig. 1 A) . On day 14, bronchoalveolar lavage fluid (BALF) from HDM-treated Aoah +/+ mice had more eosinophils, neutrophils, and lymphocytes than did BALF from PBS-treated control mice, demonstrating that HDM induced allergic inflammation in Aoah +/+ airways (Fig. 1 B) . In contrast, Aoah −/− mice had significantly reduced numbers of eosinophils, neutrophils, and lymphocytes in their airways ( Fig. 1 B) . Aoah −/− Tlr4 −/− mice also had diminished eosinophilic airway inflammation ( Fig. 1 B) . In keeping with these findings, the lung histological studies also showed that HDM exposure induced much smaller peri-bronchial and peri-vascular leukocyte infiltrates in Aoah −/− mouse lungs ( Fig. 1 C) . PAS staining showed diminished goblet cell hyperplasia and mucus production in Aoah −/− airways ( Fig. 1 D) . We measured HDM-specific IgE, IgG1 (Th2 antibodies), and IgG2c (a Th1 antibody in C57BL/6J mice) in mouse sera and found that Aoah −/− mice had decreased levels of anti-HDM IgE and IgG1, but similar levels of anti-HDM IgG2c compared with Aoah +/+ mice, suggesting defective Th2 responses in Aoah −/− mice ( Fig. 1 E) . To further measure HDM-specific Th2 responses, we restimulated cells from the mediastinal lymph nodes (MLNs) with HDM allergen in vitro and found that MLN cells from HDM-treated Aoah −/− mice had significantly less Th2 cytokine (IL-4, IL-5, and IL-13) secretion than did MLN cells from Aoah +/+ mice. Notably, IL-10 and IL-17 production was also reduced in Aoah −/− MLN cells ( Fig. 1 F) . We also found reduced IL-4, IL-5, and IL-13 in Aoah −/− BALF (Fig. S1 ). When we measured methacholine-induced airway hyperresponsiveness (AHR), HDM-treated Aoah −/− mice had significantly reduced AHR compared with Aoah +/+ mice ( Fig. 1 G) . Collectively, in response to HDM stimulation, the presence of AOAH allowed higher Th2 responses, greater eosinophilic lung inflammation, more mucosal overproduction, and AHR, strong evidence that AOAH promotes HDM-induced allergic asthma.
AOAH promotes lung dendritic cell and ILC-2 responses upon HDM stimulation
In response to allergen stimulation, lung DCs present allergens to naive T cells to initiate Th2 responses (van Rijt et al., 2005; Hammad et al., 2010; Plantinga et al., 2013) . As Aoah −/− mice had defective Th2 responses to HDM, we wondered whether DC activation was impaired during the sensitization phase. Aoah +/+ or Aoah −/− mice were sensitized with HDM and their lung DC numbers and activation status were tested ( Fig. 2 A) . DCs were identified as CD11c hi MHC II hi Autofluorescence lo cells and they were further segregated as CD103 + DCs or CD11b + DCs (Fig. 2 B) . CD11b + DCs included monocyte-derived DCs (CD64 + ) or conventional CD11b + DCs (CD64 − ; Fig. 2 B ; Plantinga et al., 2013) . After HDM sensitization, Aoah +/+ lungs had significantly more DCs than did PBS-instilled control mice; the number of CD103 + DC did not increase while CD11b + DC numbers significantly increased, largely due to greater abundance of monocyte-derived DCs (Fig. 2 C) . CD11b + DCs are known to be more important than CD103 + DCs in HDM-induced allergic responses (Plantinga et al., 2013) . Aoah −/− mouse lung CD11b + DCs, which included monocyte-de-rived DCs (CD11b + CD64 + ), did not increase with HDM stimulation (Fig. 2 C) , suggesting defective DC recruitment in Aoah −/− lungs. To confirm that Aoah −/− lungs have reduced monocyte-derived DCs after HDM sensitization, we labeled monocytes by injecting fluorescent microspheres (beads) i.v. (Tacke et al., 2006) and measured bead + (monocyte-derived) DCs in the lung after HDM treatment ( Fig. S2 A) . Fluorescent beads labeled ∼3% of monocytes; Aoah +/+ and Aoah −/− monocytes were labeled with similar efficiency (Fig. S2 , B and C). With HDM treatment, bead + DCs were recovered in the lung, mainly in the CD11b + DC population ( Fig. S2 D) . There were significantly fewer bead + DCs in Aoah −/− lungs than in Aoah +/+ lungs ( Fig. S2 E) , consistent with the observation that Aoah −/− lungs had fewer monocyte-derived DCs (Fig. 2 C) . When measuring DC activation markers, we found that CD103 + DCs from Aoah −/− mice had reduced CD86, and CD11b + DCs from Aoah −/− mice had reduced CD86 and CD40, compared with their counterparts from Aoah +/+ mice (Fig. 2 D) , suggesting that DCs from Aoah −/− mice were less activated after HDM exposure. As ILC-2 are known to be activated at early stage of sensitization upstream of DCs (Halim et al., 2014; Martinez-Gonzalez et al., 2015) , we further checked ILC-2 responses to HDM in the lungs. The lung ILC-2 were identified as SSC lo , CD45 + , CD3 − , B220 − , NK1.1 − , and GATA3 + cells (Fig. 2 E) . ILC-2 numbers also decreased in HDM-treated Aoah −/− mouse lungs after HDM stimulation ( Fig. 2 E) . Collectively, after exposure to HDM, AOAH promotes ILC-2 and DC activation, in keeping with robust Th2 responses.
AOAH promotes airway epithelial recognition of allergens Upon allergen stimulation, lung epithelial cells secret proallergic cytokines or chemokines to drive ILC-2 and DC activation and therefore Th2 immune responses (Hammad and Lambrecht, 2008; Hammad et al., 2009; Lambrecht and Hammad, 2012; Schuijs et al., 2015) . To test whether lung epithelial cells from Aoah −/− mice are hypo-responsive to allergens, we instilled 10 µg HDM extract (which contained ∼1 endotoxin unit [EU]) i.n. and measured the BALF concentrations of CCL20, GM-CSF, MCP-1, and KC, cytokines, or chemokines known to be predominantly produced by lung epithelial cells and to be critical for pulmonary allergic responses (Hammad et al., 2009; Schuijs et al., 2015) . Aoah −/− mice had significantly lower epithelial cell cytokine/chemokine secretion ( Fig. 3 A) , suggesting that lung epithelial cells from Aoah −/− mice are refractory to HDM stimulation. Lung homogenates from Aoah −/− mice also had reduced CCL20, GM-CSF, MCP-1 and IL-33 mRNA abundance ( Fig. 3 B) . The expression of Tnfaip3 (encoding A20) and SHIP, two negative regulators of TLR signaling, was up-regulated in HDM exposed Aoah −/− mouse lungs, suggesting that they may contribute to the decreased responses ( Fig. 3 C) . However, the expression levels of two other negative regulators, IRAK-M and SOCS-1, were similar in Aoah +/+ and Aoah −/− lungs ( Fig. 3 C) . To further explore the cytokine/chemokine responses in epithelial cells, we instilled HDM i.n. and then sorted CD45 − CD326 + lung epithelial cells and found that HDM-exposed epithelial cells from Aoah −/− mice had decreased CCL20, GM-CSF, MCP-1, and IL-33 mRNA expression and elevated Tnfaip3 and SHIP compared with their counterparts in Aoah +/+ mice (Fig. 3 , D and E). Thus, in response to HDM exposure, AOAH promotes lung epithelial cells to produce pro-allergic CCL20, GM-CSF, MCP-1, and IL-33, in keeping with the evidence that Aoah +/+ lungs had vigorous DC and ILC-2 responses upon HDM stimulation (Fig. 2) .
AOAH lowers the allergen recognition threshold of airway epithelial cells
Lung epithelial cells set the allergen recognition threshold (Hammad and Lambrecht, 2008; Hammad et al., 2009; Lambrecht and Hammad, 2012; Schuijs et al., 2015) . To test whether Aoah −/− lung epithelial cells have an increased stimulation threshold, we first instilled low or high doses of LPS i.n. and measured several innate pro-allergic responses. Aoah −/− mice had significantly lower epithelial cytokine/chemokine secretion in response to low-dose LPS instillation (0.1 µg, i.n.), while the responses to a high dose of LPS (10 µg) were similar in the two strains of mice ( Fig. 4 A) , suggesting that Aoah −/− lung epithelial cells have a higher threshold for MAMP recognition.
We next added a small amount of LPS (0.1 µg) to HDM extract during the sensitization phase and asked whether Aoah −/− epithelial responses can be normalized. Aoah −/− mice then had Aoah +/+ -like airway eosinophilic inflammation, AHR, and lung DC and epithelial responses ( Fig. 4 , B-E). Altogether, in this asthma model, AOAH lowers the threshold for allergen recognition by lung epithelial cells.
Aoah −/− mice have normal airway allergic responses when sensitization bypasses lung epithelial cells
To further show that the reduced allergic response to HDM in Aoah −/− mice is due to hypo-responsive lung epithelial cells to allergens and is not caused by other unknown effects that AOAH might have on hypersensitivity, we used a traditional OVA/ aluminum hydroxide (Alum)-induced allergic asthma model in which sensitization bypasses the lung epithelium and TLR4 is not required for generating Th2 responses to the OVA allergen ( Fig. 5 A; Eisenbarth et al., 2002) . Aoah +/+ , Aoah −/− , and Aoah −/− Tlr4 −/− mice had similar eosinophil, neutrophil, and lymphocyte Mice were sensitized with 10 µg HDM on days 0, 1, and 2 and challenged with 10 µg HDM daily from days 8-12. Mice were euthanized on day 14 for analysis. Control mice received PBS i.n. for sensitization and challenge. (B) Cells in BALF were analyzed following cytospin and Wright-Giemsa staining. Data were combined from three experiments. n = 9. (C) Paraformaldehyde-fixed lungs were cut and stained with H&E. n = 3-4. (D) Lung sections were stained with periodic acid-Schiff (PAS) to measure goblet cell hyperplasia and mucosal secretion in airways. n = 3-4. (E) HDM-specific IgE, IgG1, and IgG2c levels were measured in mouse sera using ELI SA. Data were combined from three experiments. n = 9. (F) MLNs were harvested and single-cell suspensions were prepared. MLN cells were restimulated with medium containing 30 µg/ml HDM for 5 d. The culture media were used for ELI SA assays. Data were combined from two experiments. n = 7-8. (G) In response to increasing doses of methacholine, the lung resistance was measured as described in Materials and methods. Data were combined from two experiments. n = 5-6. (B-F) Mann-Whitney test was used. (G) Two-way ANO VA was used. *, P < 0.05; **, P < 0.01; ***, P < 0.001. infiltration ( Fig. 5 B) , similar airway Th2 and Th1 cytokine secretion ( Fig. 5 C) and comparable AHR ( Fig. 5 D) . These results indicate that Aoah −/− mice are not intrinsically incapable of mounting Th2 responses.
Preexposure to LPS in airway or circulation inhibits HDMinduced allergic asthma As Aoah −/− lung epithelial cells are refractory to stimulation by a low dose of LPS or HDM and we know that LPS exposure leads to prolonged tolerance in Aoah −/− mouse peritoneal macrophages and colonic DCs (Lu et al., 2008 (Lu et al., , 2013 Janelsins et al., 2014) , we wondered whether LPS in the airway or circulating blood induces lung epithelial desensitization in Aoah −/− mice. We first tested whether preexposure to LPS in airways inhibited allergic responses in Aoah +/+ mice. On days 6, 4, and 2 before HDM exposure, we instilled 1 µg LPS i.n. (Fig. S3 A) and found that preexposure to LPS dramatically inhibited airway eosinophilic inflammation (Fig. S3 B) and Th2 responses ( Fig. S3 C) , consistent with previous studies (Schuijs et al., 2015) . Because LPS is ubiquitous in the environment and the lung microbiome has been found to contain Gammaproteobacteria, many of which make TLR4-stimulating LPS (Gollwitzer et al., 2014; Huang and Boushey, 2015; Munford, 2016) , we then tested whether there was more bioactive LPS in Aoah −/− mouse airways. By using a cell-based endotoxin detection method, we could detect a small Mice were instilled with 0.1 µg or 10 µg LPS, i.n., and 5 h later, the concentrations of inflammatory cytokines/chemokines in BALF were determined using ELI SA. Data were combined from three experiments. n = 8. (B) Aoah +/+ and Aoah −/− mice were sensitized by 10 µg HDM or 10 µg HDM plus 0.1 µg LPS, and challenged with 10 µg HDM only. On day 14, cells in BALF were analyzed following cytospin and Wright-Giemsa staining. Data were combined from two experiments. n = 6. (C) AHR was measured on day 14. Data were combined from two experiments. n = 5-7. (D) Aoah +/+ and Aoah −/− mice were instilled with 10 µg HDM only or 10 µg HDM plus 0.1 µg LPS on days 0, 1 and 2, and on day 4 the lung DCs were analyzed by using flow cytometry. n = 5-6. (E) Aoah +/+ and Aoah −/− mice were instilled with 10 µg HDM only or 10 µg HDM plus 0.1 µg LPS, and the BALF was collected after 5 h cytokines/chemokines in BALF were determined using ELI SA. n = 5-6. (A, B, D, and E) Mann-Whitney test was used. (C) Two-way ANO VA was used. *, P < 0.05; **, P < 0.01; ***, P < 0.001. amount of TLR4-stimulating activity in cell-free BALF; yet, there was no difference between Aoah −/− and Aoah +/+ mouse BALF ( Fig. S3 D) , suggesting that Aoah −/− mouse lung epithelial desensitization was not caused by LPS in the airway.
We then asked whether systemic LPS may inhibit HDMinduced allergic reactions. LPS injected s.c. into a mouse drains slowly and continuously for weeks to regional lymph nodes; it reaches the circulation via the thoracic duct and slowly appears in the liver and other organs (Lu and Munford, 2011) . A low amount of LPS (∼0.12% to 0.84% of the injected LPS) is present in the circulation for weeks following s.c. injection (Lu and Munford, 2011) . We injected 50 µg LPS s.c. in Aoah +/+ mice. 24 and 48 h later, we found significantly increased TLR4stimulating activity in mouse plasma ( Fig. 6 A) . When LPS was administered s.c. 6, 4, and 2 d before HDM treatment ( Fig. 6 B) , the airway eosinophilic inflammation, Th2 responses, and AHR dramatically decreased ( Fig. 6 , C-E). The DC and lung epithelial responses were also diminished ( Fig. 6 , F and G). When we decreased the s.c. injection LPS dose to 5 µg, there was little inhibition, possibly because the LPS was inactivated in the injection site and draining lymph nodes before it could reach the circulation (Lu and Munford, 2011) . Collectively, these results suggest that circulating LPS can also inhibit airway allergic responses.
AOAH prevents airway epithelial desensitization induced by intestinal commensal Gram-negative bacteria
We next asked whether intestinal commensal Gram-negative bacterial LPS contribute to Aoah −/− airway epithelial desensitization. We surmised that in Aoah −/− mice, more gutderived LPS might translocate and traffic to the lung without being inactivated. We found that cohoused Aoah +/+ and Aoah −/− mice had a similar intestinal microbiome (Fig. S4, A-E) . The Enterobacteriaceae family of the Gammaproteobacteria class are more likely to produce LPS that can stimulate MD2-TLR4 and be inactivated by AOAH than are Bacteroides species (Erridge, 2010; Erridge et al., 2010; Munford, 2016; Vatanen et al., 2016; Faraj et al., 2017) . No Gammaproteobacteria were detected in the microbiome analysis, probably due to their low relative abundance. We cultured Aoah +/+ and Aoah −/− mouse stools on MacConkey plates, which primarily allow the growth of aerobic Gram-negative bacteria such as Enterobacteriaceae, and we found similar numbers CFUs (Fig. S4 F) . We also isolated stool DNA and quantitated total bacteria, Enterobacteriaceae, Bacteroidaceae, Lactobacillaceae, and Clostridiaceae families by using quantitative PCR (qPCR). No difference was observed between Aoah +/+ and Aoah −/− mouse stool (Fig. S4 G) . We then added neomycin and metronidazole to the drinking water for 3 wk before sensitization to deplete commensal aerobic and anaerobic Gram-negative bacteria (Fig. 7 A) . Antibiotic-treated Aoah −/− mice regained airway eosinophil inflammation, AHR, lung DC activation, and lung epithelial responses to HDM (Fig. 7, B-E) . Importantly, when we gave LPS intrarectally to antibiotic-treated mice, the airway inflammation and AHR in Aoah −/− mice were reduced again (Fig. 7, B and C) , strongly suggesting that LPS produced in the intestine can prevent allergic responses. When only neomycin was used, the allergic responses in Aoah −/− mice were also normalized, suggesting that LPS derived from aerobic Enterobacteriaceae inhibits airway allergy (Fig. S5, A and B) . We then found that indeed Aoah −/− feces contained more TLR4-stimulating activity than did Aoah +/+ feces and that antibiotic treatment could reduce this activity to similar levels in the feces of the two strains of mice (Fig. 7 F) . The TLR4-stimulating activity in stools was inhibited by polymyxin B, supporting that LPS was the major TLR4 stimulant (Fig. 7 F) . The intestinal contents of Aoah −/− mouse colon and rectum, which contain high densities of commensal bacteria, had elevated TLR4stimulating activities (Fig. S5 C) . In addition, we found that Aoah −/− mouse mesenteric lymph nodes, plasma, and lung homogenates contained more TLR4-stimulants, which could also be reduced by antibiotic treatment (Fig. 7 F) . We measured AOAH expression in the intestine by using qPCR and found that AOAH mRNA was expressed throughout the intestine and peaked in the rectum (Fig. 7 G) . Neomycin treatment reduced AOAH expression, suggesting that commensal Gram-negative bacteria induce AOAH expression in the colon and rectum (Fig. 7 G) . As expected, the CD45 + cells in the large intestine, including macrophages and DCs express high levels of AOAH mRNA (Fig. S5D ). To find out if the diminished allergic responses in Aoah −/− mice are mediated by LPS but not by other MAMPs, we first normalized the allergic responses in Aoah −/− mice by antibiotic treatment, and then injected 5 µg LPS or 7 × 10 8 heat-inactivated Gram-positive bacteria, Streptococcus pneumoniae, s.c. before HDM exposure. LPS injection induced protection in Aoah −/− mice but not in Aoah +/+ mice, while Streptococcus pneumoniae had similar protective effects in both strains of mice, suggesting that AOAH specifically modulates LPS-mediated protection (Fig. S5 E) . Regulatory T (D) BALF cytokine levels were measured on day 14 using ELI SA. Data were combined from two experiments. n = 6. (E) AHR was measured on day 14. n = 4. (F) Mice were pretreated with LPS s.c. and then were sensitized with HDM on days 0, 1, and 2. Lung DC numbers were measured on day 4. n = 5. (G) Mice were pretreated with LPS s.c. and then were instilled with HDM; 5 h later, their BALF cytokines were measured. n = 5. (A, C, D, F, and G) Mann-Whitney test was used. (E) Two-way ANO VA was used. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (Lewkowich et al., 2005; Duan et al., 2011; Soroosh et al., 2013) , while LPS releases airway tolerance by suppressing T reg cells (Duan et al., 2008) . We found that Aoah +/+ and Aoah −/− mice had similar pulmonary T reg cell populations with or without HDM treatment, suggesting that T reg cells may not account for the hypo-responsiveness to HDM in Aoah −/− mice (Fig.  S5F) . Collectively, these data all support the hypothesis that intestinal microbiota-derived, stimulatory LPS diminishes lung allergic responses in Aoah −/− mice.
cells (T reg cells) can be induced to inhibit allergic responses
Discussion
Allergen-induced Th2 immunity underlies most allergic asthma. Both genetic and environmental factors are involved in the induction or modulation of Th2 responses. LPS or endotoxin is a common environmental pollutant, a constituent of many foodstuffs, and it also is produced by Gram-negative bacteria in the intestinal microbiota (Doreswamy and Peden, 2011; Erridge, 2011a,b; Huang and Boushey, 2015) . Early exposure to a LPS-rich environment has been reported to provide protection against asthma (Braun-Fahrländer et al., 2002; Stein et al., 2016) . One Figure 7 . Intestinal commensal Gram-negative bacterial LPS dampens airway allergic responses to HDM in Aoah −/− mice. (A) Antibiotics were added to sterile drinking water for 3 wk before HDM treatment. In some groups, after 2 wk of antibiotic treatment, 50 µg LPS in 200 µl PBS was administered intrarectally every other day thrice before HDM treatment. In all experiments, water containing antibiotics was fed till the end of experiments. (B) On day 14, BALF cells were analyzed. Data were combined from three experiments. n = 6-9. Abx, antibiotics. (C) AHR was measured on day 14. Data were combined from two experiments. n = 3-7. (D) On day 0, 1 and 2, mice were sensitized with HDM. On day 4, mouse lung DCs were analyzed using flow cytometry. n = 5-6. (E) Mice were instilled with HDM i.n. and BALF was obtained 5 h later. Cytokines/chemokines were measured using ELI SA. n = 5-6. (F) Heated feces suspension from Aoah +/+ and Aoah −/− mice treated with and without antibiotics were tested for TLR4-stimulating activities. In some wells, 20 µg/ml polymyxin B was added. Data were combined from four experiments. n = 16. Mesenteric lymph node homogenates were heated and tested for TLR4 stimulants. n = 12-18. Diluted and heated plasma from Aoah +/+ and Aoah −/− mice were tested for TLR4-stimulating activity. n = 12-18. Lung homogenates were heated and tested for TLR4-stimulants. n = 12-18. (H) AOAH mRNA levels were measured in different intestinal segments. Data were combined from four experiments. n = 8-14. As experiments in D and E were done simultaneously with those in Fig. 4 (D and E) , they shared the same Aoah +/+ HDM and Aoah −/− HDM groups. (B and D-G) Mann-Whitney test was used. (C) Two-way ANO VA was used. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
proposed protective mechanism is that LPS exposure induces the barrier epithelial cell desensitization, and therefore, the downstream DC and Th2 responses are reduced (Schuijs et al., 2015) . In this study, we found that mice lacking a host LPSdegrading enzyme, AOAH, were resistant to HDM-induced allergic asthma. Compared with Aoah +/+ control mice, Aoah −/− mice had reduced eosinophilic airway inflammation, diminished airway goblet cell hyperplasia, and mucus production, as well as decreased airway hyper-reactivity. We further found that Aoah −/− lung epithelial cells were refractory to a low dose of LPS or HDM stimulation, which led to defective ILC-2 and DC activation as well as reduced Th2 responses. When a small amount of LPS was added to HDM, the epithelial activation threshold was exceeded, and DC and Th2 activation were restored. When the allergen sensitization bypassed lung epithelial cells, in contrast, Aoah −/− mice had normal allergic responses. In addition, we found that preexposure to circulating LPS tolerized lung epithelial cells; that antibiotic treatment that decreased intestinal commensal LPS restored Aoah −/− lung epithelial cell responses to HDM; and that instilling LPS intrarectally to antibiotic-treated mice restored tolerance. Finally, we showed that Aoah −/− feces, mesenteric lymph nodes, blood, and lungs contained more bioactive endotoxin than did the same samples from their Aoah +/+ counterparts. We conclude that AOAH sensitizes lung epithelial cells for allergic responses by decreasing the bioactivity of intestinal commensal LPS (Fig. 8) . Thus, not only environmental LPS, but also LPS within the body may desensitize lung epithelial cells to prevent allergic asthma.
Previously, we showed that when very low levels of bioactive LPS were present in the extracellular environment in vivo, Aoah −/− peritoneal macrophages remained desensitized (tolerant) for months (Lu et al., 2008 (Lu et al., , 2013 . Similarly, Janelsins et al. found that commensal LPS diminished the ability of Aoah −/− colonic DCs to induce Th17 immunity (Janelsins et al., 2014) . In this study, we extended the tolerance induced by prolonged exposure to LPS to include epithelial cells. Our data strongly suggest that lung epithelial cells from Aoah −/− mice, which may be constantly exposed to LPS derived from intestinal commensal Gram-negative bacteria, became tolerant or cross-tolerant to LPS or other MAMPs in HDM extract and therefore prevented downstream allergic responses. Notably, when we added LPS to HDM, the epithelial responses were restored. Thus, lung epithelial cells set the activation threshold for allergen stimulation (Schuijs et al., 2015) and AOAH tunes the threshold.
It has been shown previously that intestinal commensal bacteria regulate allergic asthma (Herbst et al., 2011; Hill et al., 2012; Budden et al., 2017) . Arrieta et al., reported that the abundance of four bacteria was significantly decreased in the intestines of children at risk of asthma. One of them was Veillonella, a Gram-negative anaerobe that has an Escherichia coli-like lipid A that may stimulate TLR4 (Matera et al., 2009; Arrieta et al., 2015) . Furthermore, the LPS biosynthesis pathway is altered in the microbiota of atopy/wheeze patients so that a decreased amount of LPS was found in their feces (Arrieta et al., 2015) . These results provide evidence that the presence of bioactive LPS in the gut increases protection from allergic asthma. Intestinal commensal LPS may enter the circulation via lymphatics or the portal system (Munford, 2016; Faraj et al., 2017) to directly inhibit lung epithelial cells. In our experimental setting, inhaled LPS or LPS in food (irradiated) and water (autoclaved) may have played a minor role as we detected similar TLR4-stimulating activity in Aoah +/+ and Aoah −/− mouse BALF; antibiotic treatment almost completely restored allergic responses in Aoah −/− mice. Recently, it has been shown that the lung also has commensal bacteria, but its microbiota is of low abundance and probably transient (Budden et al., 2017; Huffnagle et al., 2017) . We were unable to isolate sufficient bacterial DNA from mouse lungs to perform microbiome analysis. As we found that intestinal and circulating TLR4-stimulating activity negatively correlated with lung allergic responses, intestinal commensal Gram-negative bacteria may be the major source of LPS that modulates lung epithelial sensitivity.
Exposure to airway LPS increased Tnfaip3 expression in epithelial cells, and their activation threshold increased; when Tnfaip3 gene was specifically deleted in epithelial cells, the protective effects of LPS preexposure were largely lost (Schuijs et al., 2015) . We found that the basal levels of Tnfaip3 expression did not differ between Aoah −/− and Aoah +/+ epithelial cells, while after HDM exposure, epithelial cells from Aoah −/− mice up-regulated Tnfaip3 mRNA, which may have inhibited their innate responses. In addition, another negative regulator (SHIP) was also induced by HDM, while IRAK-M and SOCS-1 expression was unchanged in Aoah −/− epithelium. These results are different from tolerant Aoah −/− peritoneal macrophages, which had increased IRAK-M expression (Lu et al., 2013) . Furthermore, unlike tolerant macrophages, which are even refractory to high concentrations of LPS, we found that adding a small amount of LPS to HDM could restore lung epithelial responsiveness in Aoah −/− mice, suggesting that different mechanisms underlie the reprogramming of peritoneal macrophages and epithelial cells. In addition to the negative cell signaling regulators, epigenetic changes in epithelial cells may also contribute to the tolerance of Aoah −/− epithelium (Foster et al., 2007; Neagos et al., 2015) . This possibility awaits further investigation.
Many studies have suggested that preexposure to LPS promotes Th1 responses and therefore prevents a Th2 bias to allergens (Kim et al., 2007; Doreswamy and Peden, 2011; Daan de Boer et al., 2013) . We found that in Aoah −/− mice, the Th1 or Th17 responses did not increase and sometimes even decreased, suggesting that the decreased Th2 responses are not caused by Th1 bias and instead are promoted by a general inhibitory mechanism. It has been shown previously that T reg cells inhibit allergic responses, while LPS antagonizes the suppression (Lewkowich et al., 2005; Duan et al., 2008 Duan et al., , 2011 Soroosh et al., 2013) . We did not observe significant differences in T reg cell populations between Aoah +/+ and Aoah −/− mouse lungs with and without HDM stimulation. In addition, we found that mediastinal lymph node cells from Aoah −/− mouse secreted less IL-10 when restimulated with HDM in vitro. These results suggest that reduced HDM-induced allergic responses in Aoah −/− are not caused by enhanced T reg cell function.
We found that in Aoah +/+ mice, AOAH mRNA was expressed in the macrophages and DCs of the large intestine and induced by commensal Gram-negative bacteria. Janelsins et al. also showed that DCs from colonic lamina propria had much greater AOAH mRNA abundance and enzymatic activity than DCs from small intestine, lymph nodes, spleen, and lung; TLR4 signaling and intestinal commensal Gram-negative bacteria stimulated AOAH expression in colonic DCs (Janelsins et al., 2014) . These DCs and macrophages may take up intestinal commensal Gram-negative bacteria and deacylate LPS (Katz et al., 1999; Lu et al., 2003) . LPS may be further deacylated in the liver and the lung, as we have shown previously that Kupffer cells and liver DCs, lung macrophages, and neutrophils express AOAH (Shao et al., 2007 (Shao et al., , 2011 Zou et al., 2017) . When AOAH is missing, the internalized LPS cannot be inactivated and bioactive LPS can be released into extracellular fluid (Lu et al., 2013) . As AOAH can also be secreted, commensal LPS may be deacylated in the intestinal lumen (Staab et al., 1994; Gioannini and Weiss, 2007) . In addition to AOAH, intestinal alkaline phosphatases, produced in the duodenum, have been reported to inactivate LPS in the gut and decrease serum endotoxin levels (Kaliannan et al., 2013) . Our findings suggest that these phosphatases are unable to fully inactivate intestinal LPS in Aoah −/− mice.
Another host MAMP-degrading enzyme can also modulate allergic asthma. A chitin-degrading enzyme, acidic mammalian chitinase (AMCase), promotes allergic asthma partially through the IL-13 activation pathway (Zhu et al., 2004) . Blocking or inhibiting AMCase caused a marked decrease in Th2 responses in an OVA-induced allergic asthma model (Zhu et al., 2004 ). In contrast, other studies have suggested that AMCase plays a protective role (Seibold et al., 2009; Van Dyken et al., 2011) . These observations may have differed because the allergens and the time and routes of allergen exposure were different. These and our findings all demonstrate that MAMP-degrading enzymes can play a critical role in modulating pulmonary inflammatory responses.
In summary, our study highlights the prominent role that AOAH plays in sensitizing lung epithelial cells by degrading/ inactivating intestinal commensal LPS, thereby increasing susceptibility to allergic asthma. Notably, AOAH also promotes the resolution of acute lung injury induced by Gram-negative bacteria (Zou et al., 2017) . A gene that has been highly conserved through evolution (Munford and Varley, 2006) seems to regulate the counter-balance between infection and allergy.
Materials and methods
Mice C57BL/6J Aoah +/+ , Aoah −/− and Tlr4 −/− Aoah −/− mice were obtained from the National Institutes of Health, Bethesda, MD (R.S. Munford). The generation of Aoah −/− mice had been described (Lu et al., 2003) . The mutated Aoah gene had been backcrossed to C57BL/6J mice for at least 10 generations. Tlr4 −/− Aoah −/− mice were produced by crossing Aoah −/− and Tlr4 −/− mice. Female littermates of 6-10 wk of age from Aoah +/− parents were used and they were cohoused throughout the experiments. All mice were housed under specific pathogen-free conditions in Fudan University, the Department of Laboratory Animal Science, and studied using protocols approved by the Institutional Animal Care and Use Committee (IAC UC) of Fudan University. All protocols adhered to the Guide for the Care and Use of Laboratory Animals.
Reagents
HDM extract was obtained from the Greer laboratories. The allergens were extracted from whole body crust of Dermatophagoides pteronyssinus, which contained 100 EU endotoxin/mg. E. coli 0111:B4 LPS was obtained from Sigma. Low endotoxin OVA (endotoxin level <1 EU/mg) was from Chondrex, Inc. Alum, which contained 40 mg/ml Al(OH) 3 , was from Thermo-Fisher. Anti-mouse antibodies used for flow cytometry were CD11c (clone N418, eBioscience), I-A/I-E (Clone M5/114.152, Biolegend), CD11b (clone M1/70, BD), CD103 (clone M290, BD), CD64 (clone X54-5/7.1, BD), CD86 (clone GC1, BD), CD40 (clone 3/23, BD), CD45 (clone 30-F11, Biolegend), CD3 (clone 17A2, BD), B220 (clone RA3-6B2, eBioscience), NK1.1 (clone PK136, BD), GATA3 (clone L50-823, BD), and CD326 (clone G8.8, Biolegend). ELI SA kits IL-4, IL-5, IL-10, IFN-γ, and MCP-1 were from BD; IL-13, KC, CCL20, GM-CSF, and IL-17 kits were from R&D Systems.
Mouse asthma models
The HDM-induced allergic asthma method was modified from a previous study (Daan de Boer et al., 2013) . Aoah +/+ , Aoah −/− , and Tlr4 −/− Aoah −/− mice were anesthetized i.p. with 0.5% pentobarbital sodium (50 µg/g body weight) and instilled i.n. with 10 µg HDM in 40 µl PBS daily on days 0, 1, and 2 (sensitization phase). From days 8-12, mice were challenged daily with 10 µg HDM in 40 µl PBS (challenge phase); control mice were instilled with PBS i.n. during both the sensitization and challenge phases. On day 14, mice were euthanized for analysis ( Fig. 1 A) . In some experiments, 10 µg HDM mixed with 0.1 µg LPS was instilled i.n. for sensitization.
For OVA/Alum-induced allergic asthma, mice were injected i.p. with a mixture of 50 µl of 1 mg/ml OVA (low endotoxin) and 50 µl of 40 mg/ml of Alum on days 0 and 7 (sensitization). From days 14-16, mice were anesthetized and instilled i.n. with 40 µl of 1.25 mg/ml OVA (total 50 µg) daily. 1 d after the last instillation, mice were euthanized for analysis ( Fig. 5 A) .
Analysis of BALF and mediastinal lymph nodes
Mice were anesthetized and exsanguinated by cutting the inferior vena cava. Bronchoalveolar lavage was performed using 1 ml of PBS containing 5 mM EDTA five times. The recovered BALF was combined and centrifuged at 700 g for 5 min at 4°C. The cellfree supernatant was used for cytokine or chemokine quantitation using ELI SA kits. The cell pellets were resuspended in PBS and total cell numbers were counted using Cellometer (Nexcelom). After cytospin and Wright-Giemsa staining, macrophages, eosinophils, neutrophils, and lymphocytes were differentially counted. 300 cells were counted for each sample and the total numbers of each cell type in BALF were calculated.
Measurement of AHR
In the HDM-induced allergic asthma model, mice were anesthetized on day 14, the trachea was intubated, and the lungs were mechanically ventilated. Lung resistance (R L ) was measured after increasing doses (5-40 mg/ml) of aerosolized methacholine (Sigma) was applied (Buxco Electronics). In the OVA-induced asthma model, mice were tested on day 17. qPCR RNA from lungs or sorted lung epithelial cells was purified using a RNA isolation kit (Tiangen) and then reversely transcribed (Tiangen). DNA from feces was isolated by using a QIAamp Fast DNA Stool Mini kit (QIA GEN). cDNA or bacterial DNA was analyzed by qPCR using SYBR green reagents (Tiangen) with the ABI 7500 system. The primers used for RT-PCR were listed in Table 1 . Actin (lung samples) was used as the internal control and the relative gene expression levels were calculated by the ΔΔCt quantification method. Relative bacterial 16S rDNA abundance were calculated by the ΔCt quantification method and related to total DNA amount isolated from stool samples.
Preparing single-cell suspensions from the lungs and intestines for flow cytometric analysis and sorting
To measure immune cells in the lungs, the lungs were perfused first and instilled with 1 ml digestion buffer (RPMI 1640 containing 1 mg/ml collagenase IV [Sigma] and 5 U/ml DNase I [Sigma]). After the lungs were excised, cut into ∼1-mm 3 pieces, and incubated in 2 ml digestion buffer at 37°C with shaking at 220 rpm for 1 h, the digested tissues were filtered through a 70-mm cell strainer, and red blood cells were lysed using ammonium-chloride-potassium lysis buffer (eBioscience). Cells were collected by centrifugation and counted. For FACS analysis, cells were incubated with Fc blocking antibody (purified anti-mouse CD16/32, BioLegend) to prevent binding of nonspecific FcγRIII/II and then incubated with fluorochrome-conjugated antibodies for 1 h on ice. To stain intracellular GATA3, cells were fixed and permeablized with Fix/Perm solution/kit (BD) before anti-GATA3 antibody was added. After washing, the samples were analyzed by using CyAn-ADP (Beckman Counter) and data were processed using Flow Jo software (TreeStar).
To sort lung epithelial cells, lung single-cell suspensions were stained with anti-mouse CD45 antibody and CD326 antibody and sorted on MoFlo XDP (Beckman Counter). After sorting, the purity of CD45 − CD326 + lung epithelial cells was >85%.
Similarly, small and large intestines were minced after the lumen contents were washed and then digested with 1.5 mg/ml collagenase IV and 5 U/ml DNase I for 15 min while shaking at 220 rpm. After washing, the single-cell suspension was sorted using CD45 antibody-conjugated magnetic microbeads. The CD45 + cells were then sorted using FACS to obtain I-A + CD11c + CD11b dull DCs and I-A + CD11c dull CD11b + macrophages.
ELI SA for HDM-specific antibodies
In the model of HDM-induced allergic asthma, mice were bled on day 14. Sera were collected for HDM-specific antibody measurement. ELI SA plates (Costar) were coated with 5 µg/ml HDM extract in PBS at 4°C for 18 h. Detection antibodies were goat anti-mouse IgE (Southern Biotechnology), IgG1 (Santa Cruz Biotechnology) and IgG2c (Novus Biologicals, Inc.) conjugated with HRP. HRP substrate TMB (BD) was used. Plates were read at a wavelength of 450 nm (Tecan). We used OD values to represent the abundance of HDM-specific IgE, IgG1, and IgG2c. : 5′-GGC TGT ATT CCC CTC CAT CG-3′;  antisense: 5′-CCA GTT GGT AAC AAT GCC ATGT-3′   mAOAH  Sense: 5′-GTT TTC CCA ACG CTG CGG GG-3′;  antisense: 5′-TGG CCT TCT GCC CGG GTA 
Histology
After lungs had been excised and fixed in 4% paraformaldehyde, they were sectioned and stained with H&E or periodic acid-Schiff. The samples were examined for inflammatory cell infiltration, tissue damage, goblet cell metaplasia, and mucus production by using a Nikon E200 microscope.
Antibiotic treatment
To deplete commensal Gram-negative bacteria, 1 g/liter of neomycin sulfate (Sigma) and metronidazole (BioVision) each were added to the drinking water. In some experiments, only 1 g/liter of neomycin was added. The water containing antibiotics was fed for 3 wk before HDM treatment. The feces was checked for aerobic Gram-negative bacteria by culturing on MacConkey agar plates (Oxoid). The feeding was continued until the end of experiments. In some experiments, 6, 4, and 2 d before HDM sensitization, 50 µg LPS was administered intrarectally in 100 µl PBS.
Measurement of TLR4-stimulating activities in mouse feces, lymph nodes, plasma, and lungs Fresh feces were collected and resuspended in endotoxin-free PBS (0.1 g/ml) and centrifuged at 800 g for 5 min. The supernatant was heated at 70°C for 10 min. Mice were bled from the tail vein; 3 µl of 0.5 M EDTA was used as an anti-coagulant. Plasma was diluted 1:5 in RPMI medium and heated at 70°C for 10 min. Mesenteric lymph nodes and lungs were homogenized in PBS and centrifuged. The supernatant was heated at 70°C for 10 min. After heating, all the samples were centrifuged again, and the supernatant was collected for TLR4-stimulating activity by using a cell-based colorimetric endotoxin detection kit (HEK-Blue LPS Detection Kit2, Invivogen). In brief, diluted samples were added to human embryonic kidney (HEK-293) cells that express hTLR4 and an NF-κB-inducible secreted embryonic alkaline phosphatase reporter gene. After 18 h incubation, cell culture media were applied to QUA NTI-Blue medium to measure alkaline phosphatase activity. A preparation of E. coli 055:B5 LPS, standardized according to FDA-approved control standard endotoxin and included in the kit, was used to quantitate TLR4-stimulating activity. Plates were read at a wavelength of 655 nm (Tecan). The detection limit was 0.008 EU/ml.
Diversity analysis of intestinal microbiota
Fresh stool samples were collected from cohoused Aoah +/+ and Aoah −/− littermates. Microbial DNA was extracted using the E.Z.N.A. soil DNA kit (Omega Bio-tek) according to manufacturer's protocols. The V3-V4 hypervariable regions of the bacteria 16S rRNA gene were amplified with primers 338F (5′-ACT CCT ACG GGA GGC AGC AG-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) by thermocycler PCR system (ABI). Purified PCR products were sequenced on an Illumina MiSeq platform (Majorbio Bio-Pharm Technology Co. Ltd.). Raw fastq files were demultiplexed, quality-filtered by Trimmomatic, and merged by FLA SH. Operational taxonomic units (OTUs) were clustered with 97% similarity cutoff using UPA RSE (version 7.1). The taxonomy of each 16S rRNA gene sequence was analyzed by RDP Classifier algorithm against the Silva (SSU123) 16S rRNA database (Wang et al., 2007) and the confidence threshold was set at 70%. We obtained 654,401 high-quality sequences with an average of 40,900 reads/sample. A total of 286 OTUs were obtained.
Statistical analysis
Data were presented as mean ± SE. Differences between groups were analyzed by Mann-Whitney U tests for unpaired data using PRI SM (GraphPad). Two-way ANO VA was used in AHR experiments. The statistical significance was set at P < 0.05.
Primers
Primers are listed in Table 1 .
Online supplemental material Fig. S1 shows that Aoah −/− mice have reduced airway Th2 cytokine secretion in response to HDM exposure. Fig. S2 shows that Aoah −/− mouse lungs have reduced numbers of monocyte-derived DCs upon HDM exposure. Fig. S3 shows that preexposure to LPS in airways inhibits allergic asthma. Fig. S4 shows that cohoused Aoah +/+ and Aoah −/− mice have similar intestinal microbiomes. Fig. S5 shows that Aoah −/− mice treated with neomycin have normal eosinophilic airway inflammation; AOAH regulates commensal LPS bioactivity in the large intestine.
